Glutathione deficiency, induced in adult mice by administering buthionine soximine (an inhib of glutathione synthesis), led to a rapid and substantial increase in ascorbate in the liver. This effect was apparent 2-4 hr after giving the inhibitor; subsequently, the level of ascorbate decreased and that of dehydroascorbate incaased markedly, supporting the conclusion that glutathne fcons physiologically to keep ascorbate in its reduced form. In kidney and lung also, ascorbate levels decreased, and dehydroascorbate increased. Increased synthesis of ascorbate in glutat deficient adult mice seems to protect against tissue damage. In contrast, newborn rats, which (like guinea pigs and humans) apparently do not synthesize ascorbate, suffer severe damage to liver and other organs; previous studies showed that administration of ascorbate prevents such tissue damage. The findings support the view that the antioxidant actions ofglutthione and ascorbate are closely linked and involve a mechanism in which decrease ofthe glutathione level, perhaps aated with an oxidative event, stimulates ascorbate synthesis.
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Previous studies in this laboratory have shown that inhibition of glutathione synthesis in adult mice and newborn rats produced by administration ofbuthionine sulfoximine (a transition-state inactivator of t-glutamylcysteine synthetase) leads to decreased tissue levels of glutathione and of ascorbate, associated with significant tissue damage (1-4). In adult mice there was degeneration of skeletal muscle (5) , lung type 2 and endothelial cells (6) , and the epithelial cells of jejunum and colon (7) ; no effects were seen in the liver or kidney. In contrast, newborn rats with glutathione deficiency had focal necrosis and decreased extramedullary hematopoiesis in the liver, renal proximal-tubular degeneration, as well as extensive damage to lung type 2 cells with decreased numbers of lamellar bodies and decreased amounts of intraalveolar tubular myelin (2, 3) . Tissue damage produced by glutathione deficiency was closely correlated with mitochondrial damage, a finding consistent with accumulation of hydrogen peroxide. Mitochondria normally produce a substantial amount of hydrogen peroxide (8) (9) (10) (11) , and when there is marked decrease of mitochondrial glutathione, these organelles undergo oxidative degeneration with consequent tissue damage. Table 1 summarizes studies on the effects of glutathione deficiency on the adult mouse and newborn rat. It is notable that the marked liver and kidney damage found in glutathionedeficient newborn rats (2, 3) was not found by EM study of these tissues of glutathione-deficient adult mice (6) . Furthermore, glutathione deficiency in newborn rats leads to mortality (within several days), but this result was not found in adult mice. These observations suggested that newborn rats, like guinea pigs and humans, cannot synthesize ascorbate (2, 3) . On the other hand, adult mice appear more able to deal with (S,R)-sulfoximine was obtained as described (14, 26, 27) . Ascorbic acid standards were obtained and characterized as described (3). Methods. Buthionine sulfoximine was administered i.p. (4 mmol/kg of body weight) twice each day (9 a.m. and 9 p.m.), and buthionine sulfoximine was added (20 mM) to the drinking water.
The tissues were obtained as follows. Mice were decapitated, and the thoracic and peritoneal cavities were opened within 1 min. The tissues were perfused from the left ventricle with 10 ml of cold saline after clamping the venous heart input. Perfusion was completed within 1 min, as the lung turned white, and the liver became light brown. The tissues were excised, quickly blotted, and immersed in liquid nitrogen. The frozen samples were weighed and homogenized in 5 vol of 5% sulfosalicylic acid/3 mM Na2EDTA. Ascorbate and total ascorbate (ascorbate plus dehydroascorbate) (15, 16) were determined as described (3) .
RESULTS
In these studies glutathione deficiency was produced in adult mice by administration of a high dose of buthionine sulfoximine. This inhibitor was given in the drinking water and by twice-daily i.p. injections, essentially as has been described (1-7). Under these conditions, there is a marked decrease of the glutathione levels in several tissues, including skeletal muscle (5), liver (6), and lung (1, 6). The level of mitochondrial glutathione decreases to -20%' or less of the control level in lung (6) and skeletal muscle (5) but remains at -60% of the control level in the liver (6) .
In the present work, the levels of ascorbate and of total ascorbate (ascorbate plus dehydroascorbate) were determined in the liver initially and at intervals (from 2 hr to 7 days) after starting the buthionine sulfoximine administration. As shown in Fig. 1 , there was a prompt and significant increase in the levels of ascorbate and total ascorbate after 2 and 4 hr. Values for ascorbate and total ascorbate were the same, within experimental error, indicating that the dehydroascorbate level was very low initially and after 2 and 4 hr. After 14 hr and subsequently, the levels ofascorbate declined to about the initial level (or to a somewhat higher level at 7 days). The level of total ascorbate remained at relatively high values, which were substantially greater than those for ascorbate, indicating the presence of appreciable levels of dehydroascorbate. The findings indicate that glutathione deficiency rapidly induces ascorbate synthesis, which is maintained for at least 7 days. No such increase of ascorbate occurs after giving buthionine sulfoximine to newborn rats. After treatment of newborn rats with buthionine sulfoximine, ascorbate and total ascorbate levels decline in liver and other tissues (3) .
Studies on the kidney (Fig. 2) showed no significant change of the levels of ascorbate and total ascorbate after 2 hr. Subsequently there was a decrease in the ascorbate level (to 20-45% of initial level), but the level of total ascorbate remained at about control level. In the lung, there was a prompt and progressive decline in ascorbate level (Fig. 3) . The level oftotal ascorbate remained at about the initial value for 14 hr and then declined.
DISCUSSION
These studies show that induction of glutathione deficiency is accompanied by an initial rapid increase in ascorbate level in the liver ofadult mice; this effect has been briefly described (2) . The magnitude of this increase is substantial and is reflected also in the relatively high levels of total ascorbate observed. The levels of dehydroascorbate, indicated by the difference between the levels ofascorbate and total ascorbate in Fig. 1 , are substantially elevated as compared with initial levels, which are very low. These data, which indicate (i) increased ascorbate synthesis and (ii) decreased reduction of dehydroascorbate in these glutathione-deficient mice, strongly support the conclusion that an important physiological function of glutathione is to maintain ascorbate in its reduced state (3) .
The liver appears to be the chief site ofascorbate synthesis, but in some species (17) kidney. That the level of total ascorbate is well maintained in the kidney in these experiments (Fig. 2 ) would be consistent with some renal synthesis of ascorbate or its supply from the liver via the plasma or both. In contrast, the level of total ascorbate in the lung decreases rapidly, suggesting that this organ depends extensively on plasma ascorbate.
Previous studies on newborn rats and adult mice indicate that glutathione and ascorbate function together as an antioxidant couple (2, 3) . The present findings on the stimulation of ascorbate synthesis in glutathione deficiency provide further evidence for this conclusion. Additional support comes from recent work in which it was found that the onset of scurvy in ascorbate-deficient guinea pigs was significantly delayed by administration of glutathione monoethyl ester (18) . In these studies it was found that ascorbate deficiency in the guinea pig leads to an initial increase of tissue glutathione levels. This result would provide further evidence for the physiological function of the glutathione-ascorbate antioxidant system, which would thus seem to involve symmetrical control mechanisms.
There is much evidence that both glutathione and ascorbate are involved in the metabolism of various drugs. Thus, glutathione is known to form S conjugates with a large variety of chemical agents, some of which can induce synthesis of glutathione and various glutathione-metabolizing enzymes (19) (20) (21) 
